Differences between large-scale historical population archives and small decentralized databases can be used to improve data quality and record connectedness in both types of databases. A parser is developed to account for differences in syntax and data representation models. A matching procedure is described to discover records from different databases referring to the same historical event. The problem of verification without reliable benchmark data is addressed by matching on a subset of record attributes and measuring support for the match using a different subset of attributes. An application of the matching procedure for comparison of family trees is discussed. A visualization tool is described to present an interactive overview of comparison results.
Introduction
In the historical demographics and genealogy domain, research data can be collected from centralized databases such as a historical census or civil registry. Alternatively, decentralized data can be collected from, e.g., personal archives or local organizations. Complementary and conflicting information between these sources can be valuable for research if the overlap, i.e., matching records, is correctly identified. This paper describes a method to discover matching records in centralized and decentralized data for the problem of family reconstruction. An overview of related work is presented in Section 2. Section 3 describes the two different data formats. Section 4 provides a mapping procedure between the different data formats. In Section 5 the matching procedure is explained at the conceptual and technical level. Section 6 provides a verification procedure and results for a test database. An application of the matching in a family tree visualization tool is provided in Section 7. A conclusion and directions for future research are provided in Section 8.
The most important concepts used throughout this paper are defined as follows: Record. Unit of matching and linkage. A record refers to a Genlias certificate (Section 3) or a Gedcom certificate reconstruction (Sections 3 and 4), unless stated otherwise. Record match. A pair of records that refer to the same event (birth, marriage, or death). Record link. A pair of records that refer to related events (e.g., birth and death of the same person). Field similarity measure. Similarity between field values, e.g., number of days between dates. Record similarity measure. Similarity requirements for selected fields and relations between the requirements. Edit distance. Minimum number of character insertions, deletions and/or substitutions needed to transform one string into another (Levenshtein distance). Name sequence. Concatenation of person names from a record. Person name. Single name, i.e., given name or family name.
Related work
Automatic matching and linkage of historical records has been researched for several decades. An early example can be found in (Winchester, 1970) , using Soundex as field similarity measure to compare census data. An approach from the French-speaking Canadian province of Quebec, using a custom phonetic code, is described in (Bouchard and Pouyez, 1980) . In this approach different types of data are merged together. The researchers state that "the most fundamental rule is that we never try to link individuals, but rather pairs of individuals; that is: couples [. . . ] It can be demonstrated easily that individual linkage is liable to result in uncertain, false, or missed links, whereas the result of the linkage of couples is very reliable". The approach is implemented as follows: "we accept as candidates for linkage those pairs which have at least two exactly identical elements". Experience with the dataset used in the current research has resulted in a similar approach (see Section 5). Linkage on the Quebec dataset has been developed by the same authors (Bouchard, 1992) . The 1992 paper discusses the use of field values: "the various fields can serve as identifiers (linkage), controls (validation), or variables (analysis)." The notion of internal validation is discussed further in Section 6. Later approaches to record linkage have focussed on scalability of linkage methods for large amounts of data, see, e.g., (Christen and Gayler, 2008) .
A detailed overview of elements from genealogical records and the application of each element for linkage is provided in (Wilson, 2011) . Besides historical and/or genealogical data, various other types of data have been used for development and testing of algorithms, such as hospital records, phone book records, customer records, etc. However, algorithms generally assume a certain level of uniformity in data representation, both at a technical and at a conceptual level. This means that generally pedigrees are linked to other pedigrees but not to civil certificates, and vice versa. Events and individuals (actors) have been modelled together using NLP techniques (Segers et al., 2011) , however these approaches are mostly not applicable for genealogical data both because of the lack of natural language resources to identify and link instances of actors and events, as well as the difference in scope of the model (participants of historically significant events vs. every person that existed during a certain time period). Some attempts have been made to facilitate data exchange and accessability in the genealogical domain, either by presenting a standardized format (the Gedcom standard (GEDCOM Team, 1996) being the most succesful example), by conversion into a standardized format (Kay, 2006; Kay, 2004) , by enforcing a Semantic Web ontology (Zandhuis, 2005) , or by defining a framework that accepts custom data models as metadata to be provided upon exchange of the genealogical data itself (Woodfield, 2012) . Algorithmic solutions for merging of pedigrees have been proposed (Wilson, 2001 ) that take into account matches between individuals and matching links between individuals. More elaborate linkage of pedigree data is described in (Quass and Starkey, 2003) , using feature weights and thresholds to increase linkage performance.
Using various definitions of record, such as a single individual, multiple individuals, families (i.e., multiple individuals in a family relation), or events (i.e., multiple individuals in a certain relation at a specific point in time), most research in record linkage is either directed towards matching of records, i.e., asserting equal reference, or linkage of related (but not equal) records using matching of record elements (e.g., a birth record linked to a marriage record based on a match between the child and the bridegroom). In social networks research a different type of linkage is common, where records are linked but not matched (e.g., two people sharing common interests). Occasionally this type of link is used in historical record linkage as well (Smith and Giraud-Carrier, 2006) .
Test corpora have been developed (Schone et al., 2012) , (Bouchard, 1992) , however these are intrinsically domain-and language-specific. Moreover, these corpora are generally not readily available for research.
Data formats
The centralized data used in the experiments is extracted from the Dutch Genlias 1 database. Genlias contains civil certificates (around 15 million in total) from the Netherlands, for the events of birth, marriage and death. Most documents originate from the 19th and early 20th century. A record (see Figure 1 for an example) consists of the type of event, a serial number, date and place, and participant details. The parents are also listed for the main subject(s) of the document, i.e., the newborn child, bride and groom, and deceased person for birth, marriage and death certificates, respectively. The documents do not contain identifiers for individuals. No links are provided between documents or individuals.
The decentralized data is extracted from a family tree database in the Gedcom (Genealogical Data Communication) format. In this format genealogical data is stored based on individuals and nuclear (immediate) families, instead of events as Gedcom is a text-based free entry format. The standard (GEDCOM Team, 1996) states that "A record is represented as a sequence of tagged, variable-length lines, arranged in a hierarchy. A line always contains a hierarchical level number, a tag, and an optional value. A line may also contain a cross-reference identifier or a pointer." (see Figure 2 for an example). The Gedcom standard is used by a wide variety of genealogical applications, ranging from full-featured commercially available software to small scripts. The implementation of the standard can differ between applications, as well as the content format entered by users. The next section describes a parsing procedure designed to process this kind of data.
Parsing
Prior to the actual record matching, a mapping between the data formats must be performed. This requires either a reconstruction of events from the Gedcom file, or vice versa a reconstruction of individuals and nuclear families from Genlias. The first option requires links between Gedcom records, for example to construct a birth record from the three individual records of the child and parents using the intermediate family record. The second option requires links between Genlias certificates, for example to construct a family record from the birth certificates of several children. Record links are available in Gedcom only, and therefore reconstruction of events from Ged- com is the preferred option. There are various tools available to perform the required data transformation. Many genealogy programs can export Gedcom data to, e.g., XML or SQL databases which can be queried to construct events. Alternatively, dedicated Gedcom parsers exist for a number of programming languages (such as Perl (Johnson, 2013) , C (Verthez, 2004) , Python (Ball, 2012) , XSLT (Kay, 2004) ) that provide data structures to manipulate the Gedcom data from within code. However, the data structures are still centered around individuals and families and the performance of the tools is to a greater or lesser degree sensitive to violations of (some version of) the Gedcom standard. The rest of this section describes a more general parsing algorithm that can be applied to any kind of levelnumbered textual data.
The parser (see Figure 3 ) uses a Prolog DCGstyle grammar to specify the elements of target records (see Figure 4 for an example). Tags found in lines from the database file are pushed on a stack one by one. Before a tag is pushed, all cur- '@' level 0-value (record id), '+' pointer list, ':' pointer dereference.
rent elements with an equal or higher level number are popped, which makes the stack correspond to the current branch in the database hierarchy. If the stack corresponds to a list of terminal symbols in the grammar, then the current line is indexed for later use by the value at level 0. All grammar rules are expanded to terminal symbols and subsequently dereferenced for each of the index values in the previous step. If an expanded rule contains a pointer list (indicated by a + symbol) then the rule is duplicated for each element of the pointer list associated to the current index value before dereferencing. As an example the algorithm in Figure 3 applied to the database in Figure 2 using the grammar in Figure 4 on the index value @F294@ will produce three duplicate protorecords which can be dereferenced to certificates. Figure 5 provides an example that matches the Genlias certificate in Figure 1 . Note that the family name of the mother differs between the databases. The use of a domain-independent grammar provides a flexible parser for Gedcom or structurally similar data formats. Additionally, only information that corresponds to an element of a target record is indexed, resulting in a light-weight procedure. The output of the parser can be directly used for record matching, which is described in the next section.
Matching
After parsing, both databases are represented in the same data format. This enables a definition of similarity between records based on the values of corresponding fields. In the current experiments a partial similarity measure is used, meaning that any sufficiently large subset of the corresponding fields must be similar whereas the complement set remains unchecked. This approach assumes sparseness of high-dimensional data, which implies that the set of field values of each record is unique and moreover any large subset of field values is also unique. This property can easily be verified on a given database and if it holds, the similarity measure can be simplified accordingly. For the current experiments this allows for name variation in civil certificates which is hard to detect automatically by similarity measures. A certificate, as discussed in Section 3, generally contains at least three individuals, which amounts to six names in total (given names and family names). If one of the names is subject to large variation in two matching records (for example Elizabeth vs. Lisa), this match might be undetected when using all names in the record comparison. However, by ignoring this field in a partial comparison the match will be discovered. A partial record similarity measure can be de-fined by stating similarity requirements for each of the fields used in the measure and relations between the requirements. As an example, consider the matching between marriage certificates based on the year of marriage and the names of the bride and bridegroom (four names in total) which is used in the current experiments, as stated in Figure 6 . Note that the first clause in this definition requires an exact match on person names. This has the conceptual advantage that exact matching is more reliable than similarity matching based on, e.g., edit distance. Additionally, exact matching allows for straightforward string indexing and efficient lookup. Memory consumption is less efficient, the example index of two names out of four requires = 6 entries per record. Therefore it might be necessary to adjust the similarity measure to meet computational resources.
At least two out of four names are exactly equal, and the year of marriage is equal or different by a small margin, or the year of marriage is different by a larger margin and the edit distance between name sequences is below a small threshold, or the year of marriage in a record is specified as a range and the year of marriage in another record is within this range, and the edit distance between name sequences is below a small threshold. 
Results and verification
The record similarity measure in Figure 6 is applied to the Genlias database and a sample Gedcom database containing 1327 individuals and 423 families. As preprocessing, given names are reduced to the first token (for example: Quentin Jerome Tarantino → Quentin Tarantino). Separate family name prefixes, which are common in Dutch, are stripped using a stop list (for example: Vincent van Gogh → Vincent Gogh). The edit distance threshold and year margins required by the similarity measure are set according to empirical Figure 6 ) is used replacing the roles of bride and bridegroom by mother and father of the child or deceased person for birth and death certificates respectively (i.e., the name of the child or deceased person itself is not used). To avoid confusion with other siblings, the small year margin for birth and death certificates is set to zero. If multiple matching candidates are found using the record similarity measure, the match with the smallest edit distance between name sequences is used. The large amount of missed matches for birth and death certificates is expected, because the Genlias database is still under active development and a significant number of birth and death certificates are not yet digitized. Moreover, Gedcom databases generally contain many peripheral individuals for which no parents are listed (usually inlaws of the family of interest), prohibiting the reconstruction of birth and death certificates. Verification of record matches should ideally be performed using a test set of known matches (a gold standard). However, for this particular combination of databases such a test set is not available. The lack of test sets extends to the majority of decentralized historical data, as well as Genlias itself (which does not have any kind of internal links or verification sets). This is a quite undesirable situation given the large variation in data quality and coverage between databases in the historical domain. Because the characteristics of any two databases regarding the contents can differ to a large degree, the performance of a matching algorithm obtained on one database is not indicative for other databases. Put differently: every application of a matching algorithm has to perform its own verification, which is difficult in the absence of test sets.
Internal verification
A possible solution for the verification problem is to re-use the sparseness assumption to obtain a measure of support for a match. The matches returned by the similarity measure are based on a subset of fields. If other field values are equal or similar as well, they provide additional support for the match independent of the similarity measure. Note that this solution is only applicable if there are fields available which are not used in the record similarity measure. Moreover these fields should have a certain discriminative power, which rules out categorical variables like gender or religion. For many linkage tasks extra fields are not available, for example linking a marriage certificate of a person to the marriage certificate of this person's parents, in which case the only available information about the parents are the person names. However, in the current experiments a certificate from one database is being matched to the same certificate in another database, therefore the amount of available information is much larger.
A candidate field for verification is the serial number, which has been recorded since the start of the civil registry in the Netherlands. The numbers are assigned per year by the municipality issuing the certificate, meaning that the combination of municipality, year and serial number uniquely references a certificate (also known as a persistent identifier or PID). A shared PID between two records in a match therefore provides strong support for this match. However, in a Gedcom database serial numbers are not necessarily included. The source of the data can be something different than the civil registry, such as church records, or the database author might just have omitted the serial number. Moreover, if the source of the Gedcom record is the civil registry, then the match is not very indicative of the performance of the similarity measure in combining different data sources. Therefore, the serial number is of limited use only for verification purposes. Other candidate fields are dates and toponyms (location names). The year is used in the similarity measure, but the day and month can be used for support. For the current experiments three levels of support are defined: exact date match, a difference of 1 to 7 days, or a difference of more than 7 days.
In case of limited support from the verification fields, edit distance (or any other string similarity measure) can be used as an indication of the correctness of a match.
Toponym mapping
Toponyms cannot always be compared directly, because of the difference in use between Genlias and most Gedcom databases. In Genlias the toponym that denotes the location of the event is always the municipality that has issued the certificate. In a Gedcom database often the actual location of the event is used, which can be a town that is part of a larger municipality. A comparison between toponyms is therefore more informative after mapping each toponym to the corresponding municipality. In the current experiments a reference database of Dutch toponyms is used to perform the mapping. Because the municipal organization in the Netherlands changes over time, the year of the event is required for a correct mapping. Ambiguity for toponyms (i.e., multiple locations with the same name) can generally be resolved using the province of the event. In case that the province is not recorded the toponym can be disambiguated by choosing the location with the most inhabitants by default. Table 2 shows the results of verification using serial numbers, dates and mapped toponyms as support fields. The support figures should be interpreted with the distribution of data values in mind. The first two rows of Table 2 represent matches with equal serial numbers. Most of these matches have equal PIDs (toponym and year equal as well). Given that each PID is unique these matches are correct. Differences in toponym are usually small for matches with equal serial numbers, therefore a PID match can be assumed (although support is higher for true PID matches). The third row represents matches with the same toponym and date, and also two names equal (by definition of the similarity measure). Note again that the match was selected using the names and the year only, and verified using the toponym and the full date. These matches could be incorrect, because it is possible that different couples with (partially) the same name got married on the same day in the same place, for example. In the Genlias database this is the case for around 0.3% of all marriage certificates. Therefore, the sparseness assumption largely holds for this set of fields and these matches can also be considered correct. Similarly, other verification field values can be interpreted in terms of confidence in a match (based on the validity of the sparseness assumption) or counterevidence against a match (in case of large differences in field values). For the current experiments, the last row of matches should be considered incorrect. The relatively large number of incorrect matches for birth and death certificates can be attributed to the lack of coverage in Genlias. The best match is returned, however this assumes true matches to be present in the data set. The record similarity match can be adjusted using the verification fields, however it is preferred to keep similarity computation and verification separated.
Interpretation of support figures

Application
The previous sections have discussed matching records from different databases that refer to the same event. However, most research in historical record linkage is focussed on links between events, such as a birth and the marriage of the parents listed in the birth certificate. These links can be added to a database by manual annotation or using automatic linkage methods. Different databases in the same population domain are likely to contain complementary and conflicting links, which can be used to increase the quality and quantity of links in both databases. To compare links between databases the records need to be matched first, which can be achieved using the record matching method from the current research. To demonstrate the application of the method, a comparison is performed on links between marriage certificates in Genlias and corresponding links in the sample Gedcom database used in the matching experiments. A marriage certificate contains the marriage couple and the parents of both bride and bridegroom. A link can be defined between a marriage and the marriage of one of the parent couples (see Figure 7) . For the Genlias database links have been constructed by selecting all record pairs with a maximum Levenshtein edit distance of 3 between name sequences. Additional record links are computed by converting each name to a base form and selecting record pairs with matching base name sequences. The details of the link computation are beyond the scope of this paper, for the current experiments only the resulting set of links between Genlias marriage certificates is of interest. In the Gedcom database links between marriages are already present. The link comparison procedure is as follows: first, marriage certificates are matched using the method described in Section 5. For every matched certificate the marriages of the children are identified using the links from Genlias and the Gedcom database (cf. Figure 7) . These two sets of marriages are aligned using a slightly more strict version of the record similarity measure in Figure 6 , to accomodate for the inherent similarity in names and timeframe of sibling marriages. Using the alignment, the links can be divided into three categories: present in both databases, present in the Gedcom database only, or present in Genlias only. A visualization tool is developed that shows the results of the comparison in a link tree (see Figure 8) , which can be browsed by expanding or collapsing record links. Colours indicate differences between databases (red and blue for the Gedcom database and Genlias, respectively). Records @F19@ and 9797998 are an example of a false negative. The lower row is found in the Gedcom database only because these records are outside of the Genlias timeframe. The tool enables users to provide their own Gedcom database and identify differences with the nation-wide Genlias database. Due to data licensing issues the tool has not yet been released, however it could be integrated in the Genlias website in the future.
Conclusion and future work
In this paper a method is described to compare a dataset based on events (Genlias) to a dataset based on individuals (the Gedcom model). This method is complementary to most current approaches in record linkage, in which only datasets with the same conceptual structure are compared. The parser (Section 4) facilitates the transformation of data formats. A combination of multiple string indexing and field similarity measures provides a computationally efficient and flexible record matching method, as described in Section 5. The problem of verification without gold standard test data is addressed in Section 6. An application of the method in a visualization tool is presented in Section 7.
In future research, other Gedcom databases can be presented to the matching procedure. A crowdsourcing set-up can be envisioned to perform large-scale data collection and evaluation of the approach. The matching procedure itself can be refined by improving the record similarity measure or by incorporating a network approach in which record links can contribute to matching. Finally, functionality can be added to the visualization tool, preferably resulting in a public release.
